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Introduction
Integrated variable optical attenuators (VOAs) have been widely used for actively controlling the optical power level in wavelengthdivision multiplexing (WDM) networks [1] . The widespread deployment of WDM networks demands VOAs with compact, robust designs with low power consumption and low wavelength dependent loss (WDL) [2] . Moreover, these VOAs should be able to dynamically regulate the WDM channel power irrespective of the incident light polarization. Additionally, in dense wavelength division multiplexing (DWDM) systems, it has become common to control the output of Distributed Feedback Laser Diodes (DFB-LD) with a VOA instead of the input current. Hence, with increasing number of wavelengths multiplexed in these networks, large arrays of VOAs preferably integrated on a single silicon chip will be needed for future DWDM applications. In addition, although the VOAs are now mostly used in telecommunication applications, there are other fields where VOAs are extremely useful. E.g. the membranes used in the absorbance based optodes which are susceptible to degradation due to excessive optical power [3] . Also, with increasing popularity of Visible Light communications (VLC), use of VOAs in the visible wavelength is becoming more and more popular [4] .
Basically two different families of VOAs have been presented so far, namely those based on micro-optoelectromechanical systems (MOEMS) and those based on photonic lightwave circuits (PLC). Typically, MOEMS based VOAs offer physical features such as tunability, scalability, low electrical power consumption and small form factor [5] . Additionally, as the MEMS technologies use a semiconductor-like lithographic batch fabrication process, the microopto-mechanical components can be monolithically integrated (if the technologies used are thermally and material-wise compatible) with the control electronics on the same chip [6] . This not only improves the performance, yield and reliability but also lowers the manufacturing, packaging and instrumentation costs [7] .
Out of the several different MOEMS based VOA designs proposed over the years, interference type VOAs are one of the most primitive and popular ones. The interference type VOA uses multi-beam interference to adjust the attenuation level. The first such design was the MARS (mechanical antireflection switch) modulator [8] , in which a SiN x membrane of k/4 optical thickness was suspended over a silicon substrate with a fixed 3k/4 spacing. When reflections from the top surfaces of the membrane and substrate are in phase, the incident light is totally reflected. But when the membrane is electrostatically lowered to an airgap of k/2, it becomes an antireflection coating with strongly reduced reflectivity.
Though the achieved attenuation level was 31 dB with <3 ls of response time, the reported insertion loss was $3 dB and the device had a relatively high actuation voltage of 35.2 V. An alternative design consists of a 1D deformable grating based VOA having two sets of grating lines where one is movable and the other is fixed on the substrate [9] . A contrast of 16 dB with a much lower driving voltage of 9.6 V was reported. But, as these gratings are actually a 1D array of very closely spaced suspended microbeams with subwavelength airgap and metallic coating, the specular reflection is a strong function of the state of polarization of the incident light [10] .
In this paper we report an alternative design which can be used effectively in solving the polarization dependence of the grating based VOAs. We used poly-SiGe as the structural material as it has been demonstrated to be an ideal material for a MEMS-last monolithic process. Since, poly-SiGe films (deposition temperature $450°C) with very good electrical and mechanical properties can be obtained at CMOS-compatible temperatures [11] , it is highly suited for applications that need arrays of MEMS devices to be individually connected to the interfacing circuits [12] . Our device consists of a poly-SiGe based 2D MEMS grating built from an anchored membrane with symmetrically distributed square shaped perforations which are filled with fixed islands. Because of the planar symmetry of the design, any preferential reflectivity of the different polarization states is effectively eliminated. Also, because of the relatively large dimension of these membranes, the actuation voltage is sufficiently low, leading to minimal power consumption. The design was altered in such a manner that the moving membrane exhibits the optimal damping condition leading to a minimal switching time. Using a 400 nm laser, we obtained an attenuation of $20 dB with a maximum polarization dependent loss of 0.11 dB and a switching time of $3.3 ls. To our knowledge, this is the first functional CMOS compatible 2D MEMS grating to be reported.
Device concept
The proposed structure is presented in Fig. 1a . It consists of a suspended (anchored on four different sides) square shaped membrane which is perforated symmetrically in both the in-plane orthogonal directions. Within these perforations, fixed blocks are created (Fig. 1b) which are supported by anchors of the same height as those supporting the membrane as shown in the cross sectional view in Fig. 1c . The design was made in such a manner that the area of the movable part and fixed parts are nearly the same. The membrane is held in tension so that it remains flat and forms a reflective surface in the non-actuated state (OFF state) giving specular reflection in the 0th order. When actuated, the membrane is deflected vertically resulting into an entirely reconfigurable 2D diffractive element (ON state) producing increased diffraction in the higher orders (Fig. 1d) . At a deflection of k/4, the light reflected from the membrane and the top of the islands are exactly opposite in phase which results in total annihilation of the 0th order intensity.
The electrostatic force on the membrane associated with the constant voltage drive mode is nonlinear and gives rise to the well known phenomenon of pull-in [13, 14] . The electrostatically actuated membrane collapses on the ground plane once the highest deflection exceeds approximately one-third of the airgap (d 0 ). Hence in the VOA structure, the airgap between the membrane and the underlying ground substrate is designed in such a manner that d 0 /3 > k/4. The actuation voltage is therefore always maintained well below the pull-in voltage, saving it from deterioration. The detailed background theory regarding the function of these movable gratings can be found elsewhere [15] .
Device fabrication
The structural layer is a B-doped poly-SiGe layer with a thickness of 330 nm which was deposited by chemical vapor deposition (CVD) at a wafer temperature of 450°C on top of a Ti (5 nm)/TiN (10 nm) adhesion layer. The precursor gasses were SiH 4 , GeH 4 and B 2 H 6 . The SiH 4 :GeH 4 ratio equaled 0.9:1 and a B 2 H 6 (1% in H 2 ) flow of 90 sccm was used at a wafer temperature of 450°C, resulting in an expected Ge concentration of 78%. Next, a CMP step was used on the SiGe structural layer for roughness reduction. This CMP step also reduces the thickness of the structural layer down to 300 nm. Then a barrier layer of 5 nm thick SiC and a 30 nm thick Al layer were further added on top of the structural poly-SiGe layer to increase the reflectivity of the structures. A 400 nm airgap was maintained between the membrane and the underlying electrode. Due to limits in the lithographic resolution, the separation between the moving and the stationary part of the structural layer was fixed at 300 nm. Thickness values of the different layers and the separation among them was later confirmed by SEM cross-sectional measurements of the functional devices. A detailed description regarding the step by step fabrication of the devices can be found in our earlier report [15] .
By fitting the resonance frequency of fabricated fixed-fixed beams of different lengths to simulation results, a Young's modulus of 120 GPa and a tensile stress of 20 MPa were derived for the SiGe structural layer [15] . The inherent tensile stress within the polySiGe layer was helpful in avoiding the initial bending of the suspended membrane and to keep it flat.
Though we used devices of different dimensions, here we discuss the best results as obtained with a perforated membrane with a total dimension of 75 Â 75 lm, forming a grating with period of 7.0 lm with a fill factor of 0.88. The device is suspended on its four sides by supports of 18 Â 15 lm each, which are then attached to anchors at the outer parts (Fig. 1b) .
Experimental results and discussions

Optical characterizations
The optical characterization of the proposed design was carried out using a linearly polarized laser of 400 nm wavelength. This wavelength was selected in accordance to the airgap (400 nm) between the substrate and the membrane in the designed device. Fig. 2 shows the experimental set-up used to characterize the VOA. The two convex lenses in the front act as a collimator. The lens in front of the grating focuses the light as a circular spot ($40 lm diameter) with uniform intensity on the center of the VOA membrane. The beamsplitter helps in separating the incoming and outgoing light. A photodiode in series with a filtering slit was used to measure the intensity of the 0th diffracted order as a function of amplitude of the applied actuation voltage. Additionally, we used a quarter wave plate in front of the beamsplitter to generate the circularly or elliptically polarized light which was used in determining the polarization dependence of the VOA performance.
The device under investigation was mounted on a XYZ stage and was monitored with a microscope which helped us in finding the optimum position (center of the membrane) of the focused spot on the membrane giving rise to the maximum achievable attenuation. As we work with the 0th diffraction order, a small change in the incidence angle does not significantly influence the efficiency and the attenuation of the gratings under investigation.
The insertion loss of the devices was found to be $1.1 dB which is mostly associated with the fill-factor of the grating and the reflectivity of the top layer. We believe that, with finer lithographic precision, the fill factor can be increased further. Moreover, due to the higher reflectivity of Al in the NIR regime, the insertion loss will be even lower in that part of the spectrum. The attenuation as function of the applied voltage is shown in Fig. 3 . A clear decrease in the 0th order intensity (increasing attenuation) can be observed with increasing external DC bias. We could obtain a maximum attenuation level of $20 dB with an operating voltage of 1.6 V. The experimental result was also compared to a theoretical calculation carried out using Rigorous Coupled Wave Analysis (RCWA) [16] . While the qualitative behavior matches well, the maximum attenuation level differs by approximately 10 dB between the experimental results and the RCWA based simulations. To understand this discrepancy, we also performed a COMSOL Multiphysics ™ based simulation studying the deflection of the membrane when applying a voltage. Fig. 4 shows that the deflection is not uniform as assumed in the RCWA simulations, but that there is a maximum deflection right at the center of the membrane. Hence, light reflected from the off-center parts is less attenuated as compared to that reflected from the center of the membrane. More importantly, due to working with the 0th order mode, the removal of stray light is more challenging in the experimental set-up and hence we experience a decreased contrast. The PDL was measured at different attenuation levels, as shown in Fig. 5 . A maximum loss of 0.11 dB at the highest attenuation of 20 dB was obtained which supports our claim that this device operates as a polarization independent VOA.
One of the substantial advantages of MEMS based VOAs compared to bulk mechanical systems is their high response speed enabling faster data transfer. Hence, it was important to study the device dynamics of these MEMS gratings. Due to the small underlying airgap and fast operating speed, squeeze film damping [17] becomes the dominant damping mechanism affecting the dynamic response of the device. So, we used Laser Doppler Vibrometry (LDV) to characterize the mechanical behavior of the suspended membrane. A resonance frequency of 320 kHz was obtained for the device. We also studied the damping nature of the device through applying a square wave pulse train with 20 ls period. As Fig. 2 . Schematic of the optical set-up used to characterize the attenuation of the device. evident from Fig. 6 , a critically damped response was obtained for the device with a settling time $3.3 ls (equilibrium ± 2%). To cross-check the experimental result, the mechanical behavior of Step-response to a square wave pulse train showing a critical damped nature of the device. the membrane was studied further using COMSOL. These simulations match our experimental results well with a calculated resonance frequency of 343 kHz and a near critical damped response as shown in Fig. 7 . The close match between the experimental and simulated results shows that by properly optimizing the design parameters, fast settling time can be achieved even when the desired usable range is extended to the NIR regime.
We also calculated the expected wavelength dependent loss (WDL) for our devices in the C-band used for fiber based telecommunication using RCWA simulations. Fig. 8 shows the attenuation as function of the displacement of the membrane for different wavelength of the incident light. Over a 40 nm bandwidth and for an attenuation level of 15 dB there is a maximal variation of 0.9 dB.
Conclusion
We showed the operation of a 2D grating based MEMS VOA fabricated using the robust poly-SiGe technology suitable for monolithically integrating the devices directly on top of CMOS. We obtained a maximum attenuation of 20 dB for the devices with a polarization dependent loss of 0.11 dB and a settling time of $3.3 ls. We also showed a very close overlap between the experimental and theoretical results regarding the mechanical behavior of the membrane indicating the possibility of optimizing the settling time in case of an altered design geared towards the NIR regime. Overall, these results prove the usefulness of the poly-SiGe technology in fabricating high quality VOAs. Given the compatibility of this SiGe platform with post-CMOS processing, this can be a step forward in efficiently integrating large arrays of VOAs on a single silicon chip.
